Although a causative role of α-synuclein (α-syn) is well established in Parkinson's disease pathogenesis, available animal models of synucleinopathy do not replicate the full range of cellular and behavioral changes characteristic of the human disease. This study was designed to generate a more faithful model of Parkinson's disease by injecting human α-syn fibril seeds into the rat substantia nigra (SN), in combination with adenoassociated virus (AAV)-mediated overexpression of human α-syn, at levels that, by themselves, are unable to induce acute dopamine (DA) neurodegeneration. We show that the ability of human α-syn fibrils to trigger Lewy-like α-synuclein pathology in the affected DA neurons is dramatically enhanced in the presence of elevated levels of human α-syn. This synucleinopathy was fully developed already 10 days after fibril injection, accompanied by progressive degeneration of dopaminergic neurons in SN, neuritic swelling, reduced striatal DA release, and impaired motor behavior. Moreover, a prominent inflammatory response involving both activation of resident microglia and infiltration of CD4 + and CD8 + T lymphocytes was observed. Hypertrophic microglia were found to enclose or engulf cells and processes containing Lewy-like α-syn aggregates. α-Syn aggregates were also observed inside these cells, suggesting transfer of phosphorylated α-syn from the affected nigral neurons. The nigral pathology triggered by fibrils in combination with AAVmediated overexpression of α-syn reproduced many of the cardinal features of the human disease. The short time span and the distinct sequence of pathological and degenerative changes make this combined approach attractive as an experimental model for the assessment of neuroprotective and disease-modifying strategies.
Although a causative role of α-synuclein (α-syn) is well established in Parkinson's disease pathogenesis, available animal models of synucleinopathy do not replicate the full range of cellular and behavioral changes characteristic of the human disease. This study was designed to generate a more faithful model of Parkinson's disease by injecting human α-syn fibril seeds into the rat substantia nigra (SN), in combination with adenoassociated virus (AAV)-mediated overexpression of human α-syn, at levels that, by themselves, are unable to induce acute dopamine (DA) neurodegeneration. We show that the ability of human α-syn fibrils to trigger Lewy-like α-synuclein pathology in the affected DA neurons is dramatically enhanced in the presence of elevated levels of human α-syn. This synucleinopathy was fully developed already 10 days after fibril injection, accompanied by progressive degeneration of dopaminergic neurons in SN, neuritic swelling, reduced striatal DA release, and impaired motor behavior. Moreover, a prominent inflammatory response involving both activation of resident microglia and infiltration of CD4 + and CD8 + T lymphocytes was observed. Hypertrophic microglia were found to enclose or engulf cells and processes containing Lewy-like α-syn aggregates. α-Syn aggregates were also observed inside these cells, suggesting transfer of phosphorylated α-syn from the affected nigral neurons. The nigral pathology triggered by fibrils in combination with AAVmediated overexpression of α-syn reproduced many of the cardinal features of the human disease. The short time span and the distinct sequence of pathological and degenerative changes make this combined approach attractive as an experimental model for the assessment of neuroprotective and disease-modifying strategies. (1) . In familial Parkinson's disease, α-syn gene mutations (2) (3) (4) or increased levels of the α-syn protein due to gene duplication or triplication (5, 6) have been shown to play a direct causative role. In rodents, Parkinson's disease-like synucleinopathy can be induced by overexpression of wild-type or mutated forms of α-syn by use of genetically modified animals or through injection of viral vectors, or, alternatively, through intracerebral administration of preformed α-syn fibril(s) (PFF) (7, 8) .
Adenoassociated viral (AAV) vectors are now commonly used as a tool to induce progressive neurodegenerative changes in midbrain dopamine (DA) neurons, accompanied by the development of α-syn + inclusions and aggregates in the affected neurons and their processes. The AAV-α-syn model, however, has several limitations. The changes develop slowly, and substantial neurodegeneration and DA neuron cell loss are obtained only with very high expression levels of the protein, about four-to fivefold above normal (9) (i.e., at levels of α-syn that far exceed those seen in the human disease).
Moreover, the inflammatory response, which is a characteristic feature of human Parkinson's disease, is transient and usually of modest magnitude (10) (11) (12) .
The PFF model is based on the discovery that α-syn protofibrils, injected into the brain, can act as seeds for the formation of α-syn aggregates that are toxic to the affected neurons (13, 14) . A particularly interesting feature of this model is the generation of Lewy-like α-syn fibrillar inclusions with characteristics that closely resemble those seen in human Parkinson's disease. This process is quite fast in cultured neurons [developing within 1-2 wk (15, 16) ], but it develops very slowly when the PFF are injected into the brain. Thus, it may take up to 6 mo for significant neurodegenerative changes to appear in midbrain DA neurons following injection of PFF into the striatum or substantia nigra (SN) (13, 17, 18) . The restricted diffusion of the injected PFF from the site of injection is a limitation of this approach, particularly when the PFF are injected into the striatum, which makes it difficult to induce pathology in a substantial fraction of the nigral DA neurons.
In this study, we have explored the possibility of combining the two approaches (AAV-mediated overexpression of human α-syn and addition of exogenous PFF) to speed up the pathogenetic
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Parkinson's disease is the most common neurodegenerative movement disorder, but its faithful modeling in animals has been challenging. Animal models based on overexpression of the disease-causing protein, α-synuclein (α-syn), are useful for studies of disease pathogenesis but rely on unphysiologically high levels of α-syn. Here, we present a model that combines preformed human α-syn fibrils and adenoassociated virus (AAV)-mediated overexpression of human α-syn, given in doses that, by themselves, do not cause any acute neurodegeneration. This combined approach reproduces several cardinal features of the human disease, including Lewy-like synucleinopathy, neuroinflammation, and progressive dopaminergic cell loss. The short time span and distinct sequence of pathological and degenerative changes make it attractive as an experimental model for studies aimed at neuroprotection and disease modification.
process and mimic more closely the pathology seen in the human disease, including a more prominent and long-lasting inflammatory response. It is known that the aggregates generated by α-syn PFF seeds are formed by recruitment of endogenous α-syn. This process is dependent on the level of α-syn present in the cell and also dependent on species matching, such that aggregate formation is more efficient if the PFF and the endogenous α-syn to be recruited into the aggregates are from the same species (15, 18, 19) .
In the series of experiments reported here, we have used human α-syn PFF to trigger aggregate formation from human α-syn, expressed from an AAV6 vector in midbrain DA neurons. Importantly, we have used the AAV-α-syn vector at a low titer to obtain a level of α-syn expression in the midbrain DA neurons that is closer to that seen in patients with Parkinson's disease, combined with α-syn PFF at a dose that, by itself, is unable to induce acute DA neuron cell loss. The results show that a single intranigral injection of PFF, given 4 wk after the AAV-α-syn vector, is efficient in triggering the development of prominent synucleinopathy characterized by the formation of Lewy-like aggregates and fibrillar inclusions in cell bodies and processes of nigral DA neurons, seen already 10 d after PFF injection. These changes were accompanied by progressive neurodegeneration, a pronounced and long-lasting inflammatory response, and DA neuron cell death, thus replicating the cardinal features of the progressive pathological changes seen in human Parkinson's disease.
Results
The AAV6-human-α-syn vector was injected into SN and ventral tegmental area (VTA) at a low dose, followed 4 wk later by PFF injection at the same two sites (Fig. 1 A and B) . Immunostaining using the human α-syn antibody (α-syn 211) performed at 3, 12 and 24 wk after α-syn PFF injection showed that the α-syn derived from the AAV vector was widely expressed in neurons of VTA and SN, including their projections innervating the striatum and the ventral forebrain (Fig. S1B ). In the α-syn PFF-injected animals, deposits of fibrils, stained with the α-syn 211 antibody, were detectable at the injection sites and along the needle track at 3 h postinjection. They remained visible still by 3 wk, but had disappeared almost completely at 12 and 24 wk (Fig. S1A) .
Impact on DA Neuron Survival. At the 3-wk time point (i.e., 7 wk after vector injection and 3 wk after PFF injection), we detected only minor tyrosine hydroxylase (TH)-positive cell loss in the SN, around 10%, in the α-SYN ONLY group (red bars in Fig. 1C and Fig. S2B ). In the rats injected with PFF alone [fibril (FIB) ONLY; green bars in Fig. 1C and Fig. S2C ], cell loss (around 25%) was restricted to the area between the two injection sites. By contrast, more extensive and significantly greater loss of TH + neurons in SN pars compacta (SNc), averaging about 50%, was observed in the combined α-SYN + FIB group (violet bars in Fig.  1C and Fig. S2A ).
At the two longer time points, 12 and 24 wk (16 and 28 wk after vector injection; Fig. 1C and Fig. S2 A-C), there was a slowly developing, progressive loss of TH + nigral neurons in the α-SYN ONLY and FIB ONLY groups, reaching about 50% at 24 wk. In the combination group, a further 10-15% of the nigral TH + neurons were lost over time, amounting to 65-70% at 24 wk. At these time points, the extent of cell loss in the α-SYN ONLY and FIB ONLY groups was not significantly different from the combined group. Measurement of TH + fiber density in the striatum showed a similar pattern of changes as seen in the SN in the three groups (Fig. 1D) . Thus, the extent of striatal denervation was overall more pronounced in the combined α-SYN + FIB group, with a 40% loss already at 3 wk after PFF injection, increasing to 60-65% at 12-24 wk (Fig. 1D and Fig. S2A ). Striatal denervation was slower to develop in the α-SYN ONLY and FIB ONLY groups: a marginal 20-25% reduction at 3 wk, increasing to 40-50% at 24 wk (Fig. 1D and Fig. S2 B and C) . Some of the axons and terminals that stained for both α-syn and TH had a distorted and swollen appearance similar to classic Lewy neurites. They were similar in number and size in the α-SYN + FIB and α-SYN ONLY groups, but fewer and smaller in the FIB ONLY group (Fig. 1 E and F) .
The changes seen in VTA and its primary target area, nucleus accumbens (NAcc), were overall less pronounced. At 3 wk after PFF injection, the extent of TH + cell loss in the VTA (Fig. 1C ) and loss of TH + innervation in the NAcc (Fig. 1D) were similar, 10-20%, in all three groups, increasing to about 40% at 24 wk. The number and size of TH + axonal swellings in NAcc did not differ between the groups ( Fig. 1 E and F) .
Motor behavior was assessed in the cylinder and stepping tests at 3, 6, 9, and 12 wk after PFF injection. Significant impairment in left forelimb use (i.e., the limb contralateral to the injections) was observed in the combined α-SYN + FIB group already at 3 wk after PFF injection and remained at the same level of impairment at 9 and 12 wk ( Fig. S1 D and E). The performance of the animals in the α-SYN + FIB group was significantly different from that of the α-SYN ONLY and FIB ONLY groups at all time points.
Induction of α-Syn Pathology. In agreement with previous studies (Introduction) overexpression of α-syn, or injection of PFF, was accompanied by accumulation of phosphorylated α-syn in the affected DA neurons, as detected using either of the two antiphosphorylated α-syn (pSyn) antibodies used (p-syn81A and p-syn 5038). As illustrated in Fig. 2 , the pSyn pathology was much more pronounced in the combined α-SYN + FIB group than in the rats receiving either the vector or the PFF alone. In the FIB ONLY group, these changes were discrete and restricted to a few scattered neurons and neurites located close to the injection sites, and were similar in number at all time points (Fig. 2 C, F, I , and L). In the α-SYN ONLY group, pSyn expression was more widespread than in the FIB ONLY animals ( Fig. 2 B, E, H, and K), and in the vast majority of the cells, pSyn was diffusely spread in the cytoplasm, often in combination with a prominent localization in the nucleus (Fig. 2E ). In the combined α-SYN + FIB group, the development of pSyn pathology was greatly enhanced (Fig. 2 B, E, H, and K), and it was particularly striking at the early time point, 3 wk after PFF injection ( Fig. 2 A and D) . In these animals, pSyn staining was mainly confined to inclusions and aggregates (Fig. 2D ). This Lewy-like pSyn pathology appeared in large numbers of neurons in both SN and VTA, as well as in swollen and distorted axons and dendrites, similar in appearance to Lewy neurites ( Fig. 2D) . At the longer time points, 12 and 24 wk after PFF injection, the number of pSyn + neurons was markedly reduced ( Fig. 2 G and J), suggesting that most of the severely affected neurons observed at 3 wk in the α-SYN + FIB group had been eliminated during the subsequent months.
The changes were remarkably specific. Despite the fact that AAV-derived expression of human α-syn was induced not only in the nigral DA neurons but also in large numbers of neurons located outside the SN (Fig. S1B ), the pSyn pathology was confined almost exclusively to the neurons of the SNc and the VTA, suggesting that the seeding process induced by the PFF was particularly effective in these neurons.
In Fig. S3 , we show the morphological appearance of the pSyn aggregates in images acquired as collated, 3D rendered images from triple-immunostained sections in the confocal microscope. In the combined α-SYN + FIB group, the pSyn deposits appeared either as diffuse pSyn + aggregates (e.g., Fig. S3G at the 12-wk time point) or as a meshwork of pSyn + filaments (e.g., Fig.  S3D at the 3-wk time point), accompanied by a markedly reduced expression of TH (green channel in Fig. S3 ). The vast majority of these inclusions, and also some of the pSyn + axonal deposits, stained positively for ubiquitin ( Fig. S4 A-C) and thioflavin ( Fig.  S4E ), and were also resistant to digestion with proteinase-K (Fig.  S4D ), suggesting that they shared the key features of Lewy bodies and Lewy neurites.
These changes were prominent already at 3 wk after PFF injection, and at this time point, most of the affected neurons had assumed a shrunken and distorted shape (Fig. S3D) . This prompted us to investigate the changes at an even earlier time point (i.e., at 10 d after PFF injection). In these animals, the injections were made at two sites in the SN (Fig. 3A and Fig. S2C ). In the α-SYN + FIB group, striking pSyn pathology was induced already at this early time point, expressed as diffuse aggregates or fibrillar meshwork in a large number of neuron in the SNc (Fig. S3A) . At the longer time points, 12 and 24 wk, few p-Syn + neurons remained, most of them with a distorted appearance and weak or undetectable TH expression ( Fig. S3 G and J) . These cells contained large pSyn + deposits, sometimes in the shape of large, spherical inclusions (Fig. S3J) .
In the α-SYN ONLY group, pSyn was in most neurons located in the nucleus as well as in small granular aggregates with a diffuse distribution in the surrounding cytoplasm at all time points observed ( Fig. S3 B, E, H, and K). The large, cytoplasmic pSyn + deposits seen in the α-SYN + FIB group were largely absent in the α-SYN ONLY animals. As in the combined group, TH expression was markedly reduced in many of the pSyn-expressing neurons (green channel in Fig. S3 ) (discussed further below).
In the FIB ONLY group, pSyn pathology was overall more discrete and developed very slowly over time. At 10 d postinjection, single affected cells were detected close to the two injection sites containing varying numbers of small pSyn + aggregates (Fig. S3C ). The number of affected cells increased over time, and the amount and size of the deposits increased progressively (Fig. S3 F, I , and L). At 24 mo, the changes seen in the PFF-exposed cells, although few in number (Fig. 2L) , were characterized by a meshwork of pSyn + material and reduced TH expression, resembling the changes seen at 10 d in the rats in the combined α-SYN + FIB group (compare Fig. S3 A and L) .
Impact on the Expression of TH and VMAT-2. The changes in TH expression were studied in greater detail using confocal microscopy of sections from the SN, stained for TH and pSyn in combination with either human α-Syn or the panneuronal marker ELAV-like protein (Hu) (Fig. 4) . In the combined α-SYN + FIB group, the vast majority of the cells in SNc with prominent pSyn pathology expressed TH at reduced or undetectable levels (arrowheads in Fig. 4B ). Quantification performed in the part of the SNc containing pSyn-expressing neurons, assessed at 10 d and 3 wk after PFF injection, showed that about 20% of the surviving Hu + neurons in the SNc were TH − (Fig. 4 D and E) . Thus, the overall reduction in the number of TH + neurons, which amounted to about 50% at 3 wk (Fig. 1C) , was, in part, due to loss of TH expression in neurons that had developed more prominent pSyn pathology.
Sections stained for TH and VMAT-2 ( Fig. 4 C and F; α-SYN + FIB group) showed that the impact on VMAT-2 expression was more variable. In cells with low or moderate expression of pSyn, the expression of VMAT-2 was retained (arrows in Fig. 4C ), whereas both TH and VMAT-2 were markedly reduced or absent in cells expressing more severe pSyn pathology (arrowheads in Fig. 4C ). The expression of these two enzymes was largely unaffected in the α-SYN ONLY animals (Fig. 4F) , suggesting that the down-regulation seen in the combined α-SYN + FIB group was caused not by the expression of pSyn itself, but by the pSyn + pathology induced by the injected fibrils.
Impact on DA Release Assessed by in Vivo Amperometry. Next, we used in vivo amperometry to investigate possible changes in DA release in the striatum in animals from the α-SYN + FIB, α-SYN ONLY, and FIB ONLY groups at 10 d after PFF injection (i.e., 38 d after vector injection). As indicated in Fig. 3C , we measured the rate of K + -evoked release, the amplitude of the release curve, and the rate of reuptake of DA. The recordings were made bilaterally from electrodes placed at two different sites in the centrolateral part of the striatum, as illustrated in Fig. 3 D-F , allowing us to compare the responses in the affected striatum with those recorded from the intact side (Fig. 3A) .
The results showed a significant impairment in the α-SYN + FIB rats, most prominently in the rates of release and reuptake that were reduced by about 70% in these animals (Fig. 3 H-J) . In the α-SYN + FIB group, a paired t test of the peak amplitude data showed significantly lower release on the injected side (P = 0.018; n = 11). A slight reduction in peak amplitude could be seen also in the FIB ONLY and α-SYN ONLY groups, but these effects were not statistically significant. Reuptake rate was similarly affected in the mixed treatment group (P = 0.028, paired t test; n = 10) but not in the single-treatment groups. The rate of release was slower on the injected side in the α-SYN + FIB group (P = 0.011; n = 11).
The net effect of the alterations induced by the combined treatment was seen as a release curve with a lower peak level and with a broader kinetic profile (purple curve in Fig. 3G ). The magnitude of this change, however, varied markedly between the individual measuring points, as well as between animals. This reflected most probably the uneven distribution of pSyn pathology in the nigrostriatal afferents. The pSyn pathology was overall much more pronounced in the α-SYN + FIB animals than in the other two groups (Fig. 3 K-M) , and it was observed not only in the cell bodies and processes of the DA neurons in the SNc but also in axons and terminals in the striatum (Fig. 3 N-P) . The overall striatal TH + fiber density was reduced by about 40% (Fig. 3Q ), but this reduction varied not only between animals but (as seen in Fig. 3D ) also between areas in the striatum. The pSyn-expressing axons and terminals showed a similarly uneven and patchy distribution, suggesting that the variable effect on DA release depended on the extent of axonal pathology and TH + fiber loss at the electrode placement site.
Inflammatory Response. The relatively modest microglial reaction seen in the α-SYN ONLY and FIB ONLY animals was substantially amplified in the combined α-SYN + FIB group. This effect was primarily confined to the SNc (i.e., the area containing the affected cell bodies) (Fig. 5C) , and was much less pronounced in other areas, such as the SN pars reticulata (SNr) (Fig. S5) . In the combined group, the number of Iba1 + microglia in the SNc increased fivefold, and their overall staining intensity increased 2.5-fold, at 10 d after PFF injection (purple bars in Fig. 5 A and B) . The reaction declined over time, in parallel with the loss of pSynaffected DA neurons, as shown in Fig. 2 , but a distinct microglial response remained still by 12-24 wk (Fig. 5L) . At this time, the reaction seen in the α-SYN ONLY and FIB ONLY animals had faded out (red and green bars in Fig. 5 A and B) . Injection of α-syn monomers, rather than PFF, did not induce any measurable microglial reaction (open bars in Fig. 5 A and B) .
Further analysis of the microglial response, performed on 3D-rendered images from double-stained sections in the confocal microscope, showed that the reactive microglia were closely associated with cells and processes expressing pSyn pathology. Hypertrophic Iba1 + microglial cells attached closely to pSyn-containing cell bodies and processes (arrowheads in Fig. 5 O-Q), and cells with advanced pSyn pathology were frequently seen to be completely enclosed or engulfed by one or several microglial cells (arrows in Fig. 5 O-Q) . Closer inspection at higher magnification showed that pSyn-immunostained grains or filaments were observed also inside Iba1
+ cells (double arrows in Fig. 5 O-Q), suggesting the presence of cellular debris, engulfed by the cells, or uptake of pSyn oligomers or fibrils released by the affected DA neurons. These cellular changes were prominent at the early time points, 10 d and 3 wk (Fig. 5 O and P) , but were still present at 12 and 24 wk, albeit in lower numbers (Fig. 5Q) .
Similar to previous findings in human Parkinson's disease and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated mice (20) , we observed infiltration of CD4 + and CD8 + T lymphocytes, distributed in patches within the areas of the SNc containing pSyn pathology and activated microglia (Fig. 5 R and S; 3-wk survival). Distinct CD4 expression was also observed on the processes of cells with the appearance of activated microglia (arrows in Fig. 5R ). These changes remained at a reduced level at 12 wk after PFF injection. In the combined α-SYN + FIB group, the impact of the treatment was seen as a release curve with a lower peak and a broader kinetic profile (purple curve in G). Peak amplitude (H), reuptake rate (I), and release rate (J) were significantly reduced in the α-SYN + FIB animals (*P < 0.05, compared with control side, paired t test: peak amplitude, t(10) = 2.815, P = 0.0183; rise rate, t(9) = 2.647, P = 0.0266; and reuptake rate, t(10) = 3.097, P = 0.0113. Multivariate ANOVA showed a significant difference in peak amplitude and reuptake rate between sides, F(1, 27) = 13.50, P = 0.001, and F(1, 26) = 6.54; P = 0.017, but not in rise rate, F(1, 26) = 2.68, P = 0.114. The accumulation of p-Syn in SN and α-syn-expressing axonal processes in the striatum was much more pronounced in the combined α-SYN + FIB animals (K and N) than in the α-SYN ONLY (L and O) and the FIB ONLY (M and P) groups, accompanied by a trend toward a decrease in TH + fiber density in the striatum in the α-SYN + FIB group (Q) F(2, 11) = 3,31, P = 0.074. (Scale bars: K-M, 200 μm; N-P, 10 μm.)
The photographs in K-M were generated by stitching of images captured at 40× magnification in the microscope.
A distinct microglial response was observed also in the parts of the striatum containing pSyn + distorted and swollen axons and terminals (Fig. 6 A-C) . In these reactive areas, pSyn + grains were found in cell bodies and processes of Iba1 + reactive microglia (arrowheads in Fig. 6 D-F) , suggesting transfer of pSyn from the affected nigrostriatal terminals to reactive microglia in the striatum. These signs of pSyn transfer were found already at 3 wk after PFF injection (Fig. 6D ) and also remained prominent at longer time points (12 wk; Fig. 6 E and F) .
Transfer of pSyn to Neurons in the Striatum. Neuron-to-neuron transfer of oligomeric or fibrillar forms of α-syn has been well documented following injections of PFF into the brain (14, 21, 22) , and a slow and progressive transfer along synaptically linked pathways, observed as pSyn + deposits in cells and neurites, has been shown to occur after injection of PFF into the olfactory bulb (21) . This phenomenon, however, has so far not been observed in the AAV-α-syn model. In the α-SYN + FIB and FIB ONLY animals processed 24 wk after PFF injection, we could detect pSyn + inclusions and aggregates in a few scattered neurons (0-10 per section) located in the ventromedial striatum and the adjacent part of NAcc. Such cells were found also in some of the 12-wk specimens, albeit in lower numbers and with less elaborate pSyn + aggregates, but not in the animals processed 3 wk after PFF injection.
Confocal microscopy of sections showed that the cells containing pSyn + aggregates expressed the striatal neuron marker DARPP-32 (Fig. 6G) . Since some of the DARPP-32-expressing neurons are known to project to the SN, this raised the possibility that the pSyn + inclusions could be derived from PFF retrogradely transported from the SN within striatonigral axons. To investigate that possibility, we performed an additional experiment where PFF were injected bilaterally into the SN and VTA in rats that, 4 wk earlier, had received a 6-hydroxydopamine (6-OHDA) injection into the MFB (n = 8), resulting in a complete removal of the TH + innervation on the lesioned side. The brains were processed for double-pSyn/DARPP-32 immunostaining 24 wk after PFF injection. As shown in Fig. 6 H and I, the appearance of pSyn + aggregates in DARPP-32-expressing striatal neurons was similar on both sides, indicating that the induction of pSyn + inclusions was not due to transsynaptic transfer of PFF from the DA neurons to their striatal targets, but more likely reflecting retrograde transport of PFF seeds in the striatonigral projection neurons. The rate of appearance of these aggregates suggests that these seeds expanded over the following 3-6 mo into large cytoplasmic aggregates.
Discussion
Animal models of Parkinson's disease based on α-syn overexpression are important for our understanding of disease pathogenesis and are also useful tools for validation of therapeutic targets. However, most α-syn-based rodent models do not display neurodegeneration of the nigrostriatal tract unless α-syn is expressed at levels that far exceed what is seen in the human disease. The ability of PFF to act as seeds for the formation of Lewy body-like α-syn aggregation has been extensively documented, both in cell cultures and in α-syn-overexpressing mice and rats. It has also been shown that this process is dependent on the level of endogenous α-syn present in the cell (14, 15, 18) and that aggregate formation is more efficient if the PFF and the endogenous α-syn to be recruited into the aggregates are from the same species (19) . In the Parkinson's disease model described here, we used human α-syn PFF in combination with AAV-induced human α-syn expressed at a level that, by itself, induced only modest pSyn pathology and no inflammatory response. The effect of this combination was striking: injection of PFF triggered within 10 d the formation of large pSyn + aggregates and filamentous inclusions, accompanied by degenerative changes and a prominent inflammatory response. This was in stark contrast to the changes seen in the animals treated with PFF alone, where the development of α-syn-induced pathology was a much more restricted and protracted process limited to a small number of neurons located close to the injection sites. This is consistent with the view that the recruitment of endogenous rat α-syn by human PFF into toxic aggregates is both slow and inefficient. As a consequence, the acute toxicity and cell death, as well as the accompanying inflammatory response, in response to the PFF injection, were quite discrete. The differences between injected and noninjected sides, as well as between the different groups, were significant in both total number-side, F(1, 55) = 106.83, P < 0.001; group, F(3, 55) = 30.24, P < 0.001-and density-side, F(1, 55) = 73.96, P < 0.001; group, F(3, 55) = 7.56, P < 0.001, respectively. All data are mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001, compared with the contralateral side. It is safe to conclude, therefore, that the pSyn pathology, toxicity, and inflammation seen in the combined α-SYN + FIB animals were due to the recruitment of human α-syn expressed from the vector.
In the α-SYN + FIB animals, abundant pathological changes were observed as early as 10 d after PFF injection. At this early time point, the vast majority of the pSyn-expressing neurons in the SN were still alive, but with reduced expression of the DAsynthesizing enzyme TH and accompanied by a significant impairment in DA release and reuptake as measured by in vivo amperometry in the striatum. In the α-SYN + FIB group, the loss of TH + neurons in the SN seen at 3 wk after PFF injection (−55%) was similar in magnitude to that obtained only at 6 mo in the α-SYN ONLY and FIB ONLY animals. The number of pSyn-expressing neurons declined over time, and, in SN at least, this decline was consistent with a progressive loss of the most severely affected neurons over time. In VTA, it appeared that the extent of pSyn pathology at the early time points exceeded the relatively modest loss of neurons seen at later time points, suggesting that the VTA neurons were able to dispose of excess toxic pSyn, thus making them more resistant to α-syn-induced toxicity. At the longest survival time points studied here, 12-24 wk after PFF injection, about 60-70% of the TH + neurons in the SN and about 40% of the TH + neurons in the VTA had degenerated. Thus, the impact of PFF seeds in the α-syn-overexpressing cells appeared as a potentiation of the acute pSyn-induced toxicity in combination with an acceleration of the processes that lead to cell death in the affected DA neurons. In line with previous studies (23) (24) (25) , these observations are in support of the view that it is the development of toxic pSyn-containing aggregates that drives degeneration and cell death. The ability of some affected DA neurons to survive long term also in the presence of elevated levels of pSyn suggests, moreover, that the toxic impact of pSyn + inclusions may be dose-dependent.
The pSyn aggregation occurred exclusively at the injection site. Interestingly, the ability of the PFF to induce pSyn + inclusions seemed to be highly selective for the DA neurons in the SN and the VTA. Despite the fact that AAV-derived human α-syn was expressed not only in the nigral DA neurons but also in large numbers of neurons located outside the midbrain DA neuron domain, the pSyn pathology was confined almost exclusively to the neurons of the SNc and the VTA. This is an intriguing finding, suggesting that the seeding process induced by the PFF was particularly effective in these neurons. This is in line with previous studies showing that DA can interact with α-syn to promote the formation of oligomers and increase its toxicity in DA-expressing neurons (26) (27) (28) (29) . Thus, the generation of toxic α-syn aggregates may be facilitated in the presence of DA and may be further promoted by the increased oxidative stress associated with its metabolism (28) .
Similar to what has been observed in the SN in human Parkinson's disease (20, 30) , the immune/inflammatory response induced by the injection of PFF in the combined α-SYN + FIB animals involved both activation of resident microglia and infiltration of T lymphocytes. The microglial response, in particular, had several interesting features. It developed rapidly and was regionally specific in that it was most prominently expressed in the region of the affected nigral DA neurons. The hypertrophic microglia were closely associated with the cell bodies and neurites of neurons expressing Lewy-like pSyn pathology, and, as illustrated by the 3D confocal images in Fig. 5 , they were frequently seen to enclose or engulf cells and processes containing pSyn + aggregates. An additional notable finding was the appearance of pSyn + grains and short filaments inside the hypertrophic Iba1 + microglia, reflecting an active uptake of pSyn oligomers or fibrils released by the affected neurons or, alternatively, the presence of pSyn-containing cellular debris internalized by the activated microglia. This microglial uptake of pSyn was observed also in the striatum in the area of the pSyn-expressing nigrostriatal axons and terminals. The prominent involvement of microglia in the PFF-induced toxic response is in line with previous studies showing that α-syn oligomers are efficient activators of a microglia-dependent proinflammatory response, including microglial activation and release of proinflammatory cytokines, as well as infiltration of CD4 + T lymphocytes (28, (31) (32) (33) . This effect is, at least in part, mediated by internalization of α-syn oligomers by phagocytosis (28, 34) as well as activation of the Toll-like receptor 2 expressed by the resident microglia (32) .
There is compelling evidence that this immune/inflammatory cascade is triggered by release of oligomeric α-syn from the affected neurons, and that it is involved as a mediator of the α-syninduced toxic response (recently reviewed in ref. 35 ). In cell culture models, it has been shown that α-syn is released from neuronal cells in the form of oligomers and that their production and release are markedly increased in the presence of DA (27, 28, 32) . This readily explains not only why the PFF-induced pSyn toxicity was confined to the nigral DA neurons but also why the microglial response seen here was restricted to the area close to the cell bodies and processes of the affected DA neurons and around the pSyn-expressing dystrophic axons and terminals in the striatum. This occurred early after PFF injection close to the pSyn-expressing but still surviving neurons, suggesting that the initial inflammatory reaction was induced by release of oligomers produced by the PFF-induced seeding process. As suggested by Zhang et al. (28) , this oligomer-induced microglial reaction may add to the toxic impact induced by intracellular pSyn aggregation, and thus help to drive and accelerate the neurodegenerative process.
In the α-SYN + FIB and FIB ONLY animals, we observed transfer of pSyn not only to microglia but also to the medium spiny projection neurons in the striatum. The number of pSyncontaining striatal neurons was very low, however, and was due to retrograde transport of PFF seeds in the striatonigral projection neurons rather than transsynaptic transfer from the DA neurons to their striatal targets. In agreement with previous findings (13, 17, 18) , this process was very slow and fully developed only at 3-6 mo after PFF injection.
Conclusion
The results show that the ability of externally administered PFF to trigger Lewy-like pSyn pathology is dramatically enhanced and accelerated in the presence of elevated cytoplasmic levels of α-syn. The use of human α-syn PFF in combination with AAV-mediated overexpression of human α-syn provides a model of Parkinson's disease-like synucleinopathy with several interesting features. First, the induction of pSyn + aggregates is rapid, within 10 d after PFF injection, and is confined almost exclusively to the cell bodies and processes of DA neurons in SN and VTA. These pSyn + aggregates express Lewy-like features, including proteinase-K resistance and coexpression with ubiquitin. Second, the development of pSyn pathology is accompanied by a prominent immune/inflammatory response that involves both activation of resident microglia and site-specific infiltration of T lymphocytes; it develops early at the site of pathology in SNc and striatum, before any overt cell loss has occurred, and is maintained over at least 3-6 mo, involving also transfer of pSyn from the affected neurons to hypertrophic microglia. Third, the impact on DA neuron function and survival develops in stages, as reflected in impaired striatal DA release and reduced expression of TH and VMAT-2, followed by degeneration of the aggregate-bearing nigral neurons that starts at around 3 wk after PFF injection and progresses over the subsequent months.
The range of neurodegenerative and inflammatory changes induced by PFF in combination with AAV-mediated overexpression of α-syn reproduces many of the cardinal features of the human disease, including early stage axonal pathology and neuronal dysfunction, neuroinflammation without the presence of overt neurodegeneration, induction of Lewy-like synucleinopathy in cell bodies and neurites, and progressive DA neuron cell loss. The short time span and the distinct sequence of pathological and degenerative changes seen with this combined approach make it attractive as an experimental model for studies aimed at neuroprotection and disease modification. An additional attractive feature of this model is that it is applied unilaterally, which means that the contralateral untreated side can be used as an internal reference and control.
Materials and Methods
Experimental Design. All experiments have been approved by the Ethical Committee for the use of laboratory animals in the Lund-Malmö region (Sweden) and follow the European Communities Council Directive (2010/63/ EEC). Female Sprague-Dawley rats (225-250 g; Charles River) received unilateral injections of AAV-α-syn alone (α-SYN ONLY group; n = 32), PFF alone (FIB ONLY group; n = 31), or a combination of AAV-α-syn and PFF (α-SYN + FIB group; n = 33) administered 4 wk apart. In one set of experiments, injections were made into the SN and VTA at the following coordinates: SN: anteroposterior (AP), −5.3; mediolateral (ML), −1.7; dorsoventral (DV), −7.2; and VTA: AP, −5.3, ML, −0.5; DV, −7.0. In a second set, the injections were made at two sites in the SN at the following coordinates: (i) AP, −5.3, ML, −1.6, DV, −7.2; and (ii) AP, −5.3, ML, −2.6, DV, −6.7. Rats injected in SN and VTA were killed and perfused for immunohistochemical analysis at 3, 12, and 24 wk after the PFF injection (seven to eight rats per group). The rats injected at two sites in SN (9-11 rats per group) were killed at 10 d after PFF injection. Four additional rats injected with PFF only were killed 3 h (n = 2) or 3 d (n = 2) after the injection. In one group (n = 8), the rats had received a unilateral injection of 6-OHDA in the medial forebrain bundle, followed by a bilateral injection of PFF in SN and VTA.
We used an AAV6 vector to overexpress human wild-type α-syn, in which the expression of the transgene is driven by the human synapsin-1 promoter, as described elsewhere (36) . A total of 8.8 × 10 8 genome copies were injected per animal (2 μL per site). PFF were prepared from full-length recombinant human α-syn, as described previously (16) and injected 4 wk after the vector injection at the same coordinate sites (10 μg total, 2.5 μL per site).
Tissue Processing and Immunohistochemistry. Animals were perfused under deep pentobarbital anesthesia with saline, followed by ice-cold paraformaldehyde (4% wt/vol in 0.1 M PBS). Immunostaining was performed on 35-μm-thick frozen sections, as described elsewhere (9), using antibodies listed in Table S1 .
Quantification of TH
+ Cell Numbers, Fiber Density, and IBA1 + Microglia. The total number of TH + neurons in the SN and VTA was determined by unbiased stereology according to the optical fractionator principle using a StereoInvestigator System (MBF Biosciences). TH + fiber density was measured bilaterally at three sites in the medial, central, and lateral parts of the caudate-putamen and at two sites in the NAcc using the "sphere counting" technique of Mouton et al. (39) as described previously. Density of IBA1
+ microglia was determined in the SN bilaterally from z-stacks of pictures using a 40× objective, and 3D images were compiled. Mean staining density was determined and expressed as the percentage of density measured on the control side.
Behavioral Testing. Forelimb use in the stepping and cylinder tests was as described in SI Materials and Methods.
In Vivo Amperometry. Chronoamperometric recordings of DA release were performed bilaterally at 10 d post-PFF injection from two sites in the striatum, as described previously (40, 41) .
Statistics. All data are expressed as the mean ± SD. Statistics were applied using SPSS (IBM SPSS Statistics for Windows, version 21.0; IBM Corp.). Significant changes were evaluated using multivariate ANOVA followed by post hoc analysis using Bonferroni or Sidak corrections for multiple comparisons, as appropriate. P values were considered significant when less than 0.05. In the analysis of the amperometry data, we compared release on the injected and control sides using paired t tests.
Further experimental details are provided in SI Materials and Methods.
